Optical coherence tomography (OCT) allows structural and functional imaging of biological tissue with high resolution and high speed. Optical coherence elastography (OCE), a functional extension of OCT, has been used to perform mechanical characterization. A handheld fiber-optic OCE instrument allows high sensitivity virtual palpation of tissue with great convenience and flexibility and can be used in a wide range of clinical settings. Moreover, fiber-optic OCE instruments can be integrated into a needle device to access deep tissue. However, the major challenge in the development of handheld OCE instrument is non-constant motion within the tissue. In this study, a simple and effective method for temporally and spatially adaptive Doppler analysis is investigated. The adaptive Doppler analysis method strategically chooses the time interval (δt) between signals involved in Doppler analysis, to track the motion speed v(z,t) that varies as time (t) and depth (z) in a deformed sample volume under manual compression. The aim is to use an optimal time interval to achieve a large yet artifact free Doppler phase shift for motion tracking.
INTRODUCTION
Biological tissue has altered mechanical properties under different physiological and pathological status. For example, cancerous tissue has different stiffness compared to surrounding normal tissue. Conventionally, diagnosis of cancerous tissues through manual palpitation provides a qualitative assessment of tissue mechanics. In recent decades, several elastography methods such as ultrasound elastography and magnetic resonance imaging (MRI) elastography [1] [2] [3] [4] have been used to quantify the tissue properties in macroscopic scale. However, deformation of the mechanical properties of the cancerous tissue occurs in the microscopic scales. Therefore, early detection of micro-scale change in tissue mechanical properties will enable early detection and treatment of cancer.
Optical coherence elastography (OCE), based on optical coherence tomography (OCT), is a non-invasive medical imaging platform to assess mechanical characterization of biological tissues in microscale level through the measurement of depth-resolved displacement under external or internal mechanical excitation. OCE offers high spatial resolution and high speed elastography measurement and is a promising technology for the clinical diagnosis and surgical guidance, due to its sensitivity to detect the sample displacements as small as tens of picometres [5] [6] .
In compression OCE, the displacement of the sample at different depth is measured to quantify the deformation and to derive sample mechanical properties. For the sample under compression, the displacement at different depth (z) was tracked by performing Doppler analysis on the complex valued Ascan OCT signal (I(z,t)) (Eq. (1)). In Eq. (1), z represents the axial coordinate, ∆t denotes a time interval between Ascan signals involved in Doppler analysis, δφ(z,t) is the phase shift between two Ascans respectively acquired at time t and t+Δt, and Im, Re, and * indicates to take the imaginary part, real part and complex conjugate of a complex signal.
An estimation of displacement (δL(z)) within time interval Δt can be calculated by using Eq. (2) where λ 0 is the central wavelength of the light source used in OCT imaging. With the displacement, the deformation of the sample can be quantified using the strain (Eq. (3)).
On the other hand, analysis by Yazdanfar et al suggests that the variance of Doppler phase (Var(δφ)) is inversely proportional to the signal to noise ratio (SNR) of the OCT signal (magnitude) as shown in Eq. (4) [7] .
Within a very small time interval (∆t), the incremental displacement is small. Hence the Doppler signal is overwhelmed by noise. When the time interval ∆t is too large, the phase shift between two Ascans can be larger than 2π, causing phase wrapping artifact and false estimation of the displacement [9] . In summary, displacement tracking based on Doppler analysis often suffers from either low SNR value or phase wrapping artifact, limiting its capability in accurately characterizing the mechanical properties of biological tissue.
In this work, we developed an adaptive Doppler tracking strategy by adaptively selecting optimal time interval (∆t) between Ascans involved in Doppler analysis (Eq. (1)). Imaging experiments were conducted on homogenous and heterogeneous structured PDMS phantoms.
EXPERIMENTAL SETUP AND ALGORITHM
A spectral-domain Doppler OCT system ( Figure 1 ) was used for all the measurements and the detailed description of the system can be found in our previous publication [8] . To be brief, the light source of our system is a superluminescent diode (SLD1325 Thorlabs, 100 nm bandwidth, corresponding to a 7.4 μm axial resolution) and we use a CMOS InGaAs camera (SUI1024LDH2, Goodrich) to capture the interference signal. By using a fiber-optic coupler (FC), the output of the light source can illuminate the reference and sample arm of a fiber-optic Michelson interferometer. To perform compression OCE measurement, we sandwiched the sample between two rigid plates. One of the plates was a window that allowed optical access of the sample, and the other plate was mounted to a motor (Thorlabs Z825B). We fabricated polydimethylsiloxane (PDMS) samples to evaluate the adaptive Doppler tracking method. We combined PDMS base with curing agent at different volumetric ratios (20:1 or 10:1) to achieve different stiffness. In addition, we added titanium dioxide to provide light scattering. The OCT image of a PDMS phantom is shown in Figure 2 . The phantom has two layers with different stiffness (with 20:1 and 10:1 base to agent ratio). Doppler OCT signals were obtained from sample under compression. To obtain the optimum time interval at a specific depth for Doppler analysis, we first computed the n Doppler phase shifts (δφ 1 , δφ 2 , δφ 3 , …, δφ n ,) using n pairs of Ascans
signals (I(z,t) and I(z,t+δt), I(z,t) and I(z,t+2δt), I(z,t) and I(z,t+3δt), …, I(z,t) and I(z,t+nδt)).
Here δt indicates the time interval between the acquisition of adjacent Ascans and is determined by the camera used in the OCT system. SNR kept increasing with increasing time interval until the phase wrapping occurred. Therefore, we determined whether there was phase wrapping artifact for δφ 1 , δφ 2 , δφ 3 , …, δφ n . If no phase wrapping was detected in all the phases, we used δφ n to calculate the average displacement within a time interval ∆t opt =nδt. Otherwise, we identified the smallest time interval (n wrap δt) that caused phase wrapping, and chose ∆t opt =αn wrap δt where α is a constant (α).
RESULTS
We acquired a frame of complex OCT data with 1024 Ascans. We further demonstrated how the choice of time interval affects the quality of Doppler signal for OCE measurement. Figure 4 shows the mean Doppler phase for different depths. For both curves, the Doppler phase increases with the time interval, and then the phase wrapping occurs and results in decreased Doppler phase, because the estimation of Doppler phase shift (Eq. (1)) uses an inverse tangent function that outputs value between -π to + π. When the time interval ∆t is too large and the phase shift becomes larger than π, Doppler analysis cannot provide correct displacement estimation. We performed zero-crossing detection on phase signals shown in Figure 4 and obtained the optimal time interval for Doppler analysis. At a smaller depth, both the displacement and Doppler phase have smaller values. Therefore, it takes a longer time interval for phase wrapping to happen, and ∆t opt should be larger. This further justified the need for an adaptive Doppler tracking method for OCE. To visualize the quality of OCE image processed by different methods, we compared the Bscan Doppler images of the two-layer phantom (Figure 2) . The same raw spectral data were used to obtain Figure 5 Figure 5 , motion along +z direction is coded as blue and along -z direction is coded as red. As shown in Figure 5 (a), with small time interval, the Doppler image is overwhelmed by random noise. With large time interval, phase wrapping occurs and leads to incorrect estimation of the motion along -z direction ( Figure 5 (b) ). In comparison, adaptive Doppler tracking significantly improved the image quality. In Figure 5 (c), two distinctive layers with different stiffness are clearly discernable. The adaptive algorithm chooses the optimal time intervals for each sample depth to ensure the highest SNR for the corresponding sample depth. 
CONCLUSION
In this paper, we describe an adaptive Doppler tracking method for OCE. We adaptively chose an optimum time interval ∆t for every depth in Doppler analysis to achieve high SNR signal without phase wrapping artifact. The method was validated using experimental data.
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